Votruba SB, Jensen MD. Short-term regional meal fat storage in nonobese humans is not a predictor of long-term regional fat gain. Am J Physiol Endocrinol Metab 302: E1078 -E1083, 2012. First published February 14, 2012 doi:10.1152/ajpendo.00414.2011.-Although body fat distribution strongly predicts metabolic health outcomes related to excess weight, little is known about the factors an individual might exhibit that predict a particular fat distribution pattern. We utilized the meal fatty acid tracer-adipose biopsy technique to assess upper and lower body subcutaneous (UBSQ and LBSQ, respectively) meal fat storage in lean volunteers who then were overfed to gain weight. Meal fatty acid storage in UBSQ and LBSQ adipose tissue, as well as daytime substrate oxidation (indirect calorimetry), was measured in 28 nonobese volunteers [n ϭ 15 men, body mass index ϭ 22.1 Ϯ 2.5 (SD)] before and after an ϳ8-wk period of supervised overfeeding (weight gain ϭ 4.6 Ϯ 2.2 kg, fat gain ϭ 3.8 Ϯ 1.7 kg). Meal fat storage (mg/g adipose tissue lipid) in UBSQ (visit 1: 0.78 Ϯ 0.34 and 1.04 Ϯ 0.71 for women and men, respectively, P ϭ 0.22; visit 2: 0.71 Ϯ 0.24 and 0.90 Ϯ 0.37 for women and men, respectively, P ϭ 0.08) and LBSQ (visit 1: 0.60 Ϯ 0.23 and 0.48 Ϯ 0.29 for women and men, respectively, P ϭ 0.25; visit 2: 0.62 Ϯ 0.24 and 0.65 Ϯ 0.23 for women and men, respectively, P ϭ 0.67) adipose tissue did not differ between men and women at either visit. Fractional meal fatty acid storage in UBSQ (0.31 Ϯ 0.15) or LBSQ (0.19 Ϯ 0.13) adipose tissue at visit 1 did not predict the percent change in regional body fat in response to overfeeding. These data indicate that meal fat uptake trafficking in the short term (24 h) is not predictive of body fat distribution patterns. In general, UBSQ adipose tissue appears to be a favored depot for meal fat deposition in both sexes, and redistribution of meal fatty acids likely takes place at later time periods. adipose tissue; body fat distribution; [ 3 H]triolein; fat biopsy OBESITY IS LARGELY A RESULT of positive energy balance leading to tissue gain over time. Much of the tissue gained during a period of overeating or decreased energy expenditure is body fat. The distribution of body fat has been repeatedly shown to be of importance regarding health consequences of excess weight. In particular, it is established that an upper body fat distribution is associated with an increased risk of type 2 diabetes, dyslipidemia, and cardiovascular disease, among other conditions (5, 7, 8) . Several predictors of weight gain over time, in specific populations, have emerged. For example, a low fasting respiratory quotient (RQ; indicative of a low whole body fat oxidation) (24, 39), altered carbohydrate balance/oxidation (6, 21), low resting metabolic rate (36, 37), and reduced spontaneous physical activity (15) have been associated with excess weight gain. However, very little is known about the factors that might predict differences in regional fat gain, which could be almost as important as total weight gain in determining the metabolic effects of excess fat.
OBESITY IS LARGELY A RESULT of positive energy balance leading to tissue gain over time. Much of the tissue gained during a period of overeating or decreased energy expenditure is body fat. The distribution of body fat has been repeatedly shown to be of importance regarding health consequences of excess weight. In particular, it is established that an upper body fat distribution is associated with an increased risk of type 2 diabetes, dyslipidemia, and cardiovascular disease, among other conditions (5, 7, 8) .
Several predictors of weight gain over time, in specific populations, have emerged. For example, a low fasting respiratory quotient (RQ; indicative of a low whole body fat oxidation) (24, 39) , altered carbohydrate balance/oxidation (6, 21) , low resting metabolic rate (36, 37) , and reduced spontaneous physical activity (15) have been associated with excess weight gain. However, very little is known about the factors that might predict differences in regional fat gain, which could be almost as important as total weight gain in determining the metabolic effects of excess fat.
The use of meals that contain fatty acid tracers, as developed by Marin et al. (16 -18) , allows for direct analysis of the trafficking of dietary fat into various body compartments. In particular, it is possible to trace meal fat into regional body fat stores to determine if storage occurs differentially in the upper vs. lower body fat depots. This technique has been used extensively (26, 31, 33) to assess regional fat storage in various conditions over the short term (24 h) . In this study, we assessed whether interindividual differences in regional meal fat storage and mediators of meal fat storage [lipoprotein lipase (LPL)] are predictive of regional fat gain. To accomplish this, we used the meal fatty acid tracer-adipose biopsy protocol to determine short-term subcutaneous fat storage and then asked nonobese men and women to overeat for ϳ8 wk to gain ϳ3 kg of fat. We hypothesized that those individuals who more readily store meal fatty acids in the upper body region at baseline would, in turn, gain more upper body fat in response to overeating. To gain a fuller understanding of lipid metabolism, we also measured substrate oxidation (indirect calorimetry), as well as 24-h profiles of free fatty acids (FFA) and chylomicron and nonchylomicron triglycerides (TG). The insulin responses to overfeeding for this group of volunteers have been published in a study designed to assess whether baseline insulin sensitivity predicted upper body subcutaneous or visceral fat gain with overfeeding (32) .
METHODS

Subjects.
The study was approved by the Mayo Clinic Institutional Review Board, and informed, written consent was obtained from 28 volunteers (15 men). Subjects were recruited if their body mass index was Ͻ26 kg/m 2 and they were taking no medications, with the exception of oral contraceptives. Three subjects reported a family history of type 2 diabetes. Prior to participation in the study, a complete blood count and a chemistry panel were documented to be within normal limits. We previously reported the adipose tissue cellular characteristics from these studies (29) and the relationship between indexes of insulin resistance and regional fat gain (32) .
Protocol. A schematic of the general protocol is depicted in Fig. 1 . A baseline, weight maintenance diet was provided to the subjects by the Mayo Clinic General Clinical Research Center (GCRC) metabolic kitchen for 10 days prior to the test meal to ensure constant macronutrient composition (50% carbohydrate, 35% fat, and 15% protein), as previously described (25) . If weight changed by Ն1 kg, the amount of food provided to the subjects was adjusted accordingly. Body composition was assessed by dual-energy X-ray absorptiometry (DXA) and computed tomography (see below).
After the baseline diet control run-in period, the subjects were admitted to the GCRC at 1700 for their first inpatient study (visit 1). They consumed their metabolic kitchen-prepared evening meal at 1800 and fasted, except for water, until the next morning. Energy intake during this 2-day inpatient admission was based on the weight maintenance energy intake established during the previous 10 days. On the next morning, the subjects were given a liquid meal at 0800 (Ensure Plus, Ross Laboratories) to which 19.4 Ϯ 0.7 Ci of [1- 14 C]triolein (Perkin Elmer, Boston, MA) had been added. The breakfast meal was followed by solid food meals at 1300 and 1800 that were prepared in the metabolic kitchen specifically to meet each subject's energy requirements. Meal fatty acid oxidation was estimated using 14 CO2 production rates, as previously described (26, 31, 33) .
Indirect calorimetry was performed as shown in Fig. 1 , and blood samples were taken hourly until 1600 and then less frequently until 0800 on the following morning (day 2). Abdominal and femoral adipose tissue biopsies were performed under local anesthesia under sterile conditions 24 h after consumption of the fatty acid tracercontaining breakfast.
Immediately after visit 1, the subjects began the overfeeding phase of the study, with a goal weight gain of 8 -10 pounds (ϳ3 kg of fat) over ϳ8 wk. Supplemental food from the GCRC metabolic kitchen was provided to increase the daily energy intake of the subjects, as previously described (25, 29, 32) . The rate of fat gain was determined by a DXA scan ϳ4 wk into the overfeeding period.
After each subject had gained ϳ3 kg of body fat, the subjects again received 10 days of meals from the GCRC metabolic kitchen. The macronutrient content of these meals was the same as that of the meals prior to visit 1 but was in excess of weight maintenance intake. The increase in energy intake compared with the feeding period before visit 1 was determined by the calorie amount of the supplements consumed by the subjects to that point. Daily weights were measured to ensure that subjects were maintaining or still slightly increasing body weight.
The second inpatient stay at the GCRC (visit 2) was identical to visit 1, except the tracer used to follow meal fatty acid metabolism was [ 3 H]triolein (Perkin Elmer) (83.2 Ϯ 5.2 Ci). Meal fatty acid oxidation was estimated using 3 H2O production, as previously described (26, 31, 33) .
The level of energy intake during visit 2 was the same as that during visit 1 to allow for comparison of meal fat response between visits. Three subjects were mistakenly given additional calories during visit 2. This did not impact the results, and these data are included in the analysis.
Assays and methods. DXA (DPX-IQ, Lunar Radiation, Madison, WI) was used to assess total body fat, leg fat, and total fat-free mass. Duplicate scans were performed at visits 1 and 2, and in the middle of the overfeeding period a single scan was obtained to determine the proportion of weight gain that was fat gain. Visceral fat was determined at visits 1 and 2 using the three-slice computed tomographic images at the levels of L 2-3, L3-4, and L4-5 in combination with DXA abdominal fat analysis using the region of interest software program (22) . O 2 uptake and CO2 output were measured hourly with indirect calorimetry using a metabolic cart (Delta Trac, Sensor Medics, Yorba Linda, CA) starting immediately before the test meal, as depicted in Fig. 1 . Energy expenditure and substrate utilization were calculated according to the equations of Wier et al. (38) . Urine was quantitatively collected for 24 h to assess 3 H2O losses and urinary nitrogen excretion (33) . The oxidation of meal fatty acids traced with [1- 14 C]-and [ 3 H]triolein was determined as previously described (26) . Breath samples for 14 CO2 specific activity were collected at the same time as blood samples (Fig. 1) . Heparin releasable LPL activity (20) was measured using established methods, and plasma oleate concentration was measured using HPLC (10) .
Calculations. The approach to measuring the quantity of [ 14 C]-and [ 3 H]triolein in the liquid test meal and the methods used to measure adipose tissue lipid surface area and fractional meal fat storage have been previously reported (26) .
The regional fat gain between visit 1 and visit 2 needed to be adjusted for individual differences in absolute amount of fat gain between subjects. We therefore calculated regional fat gain as a percentage of the total change in fat mass. We also assessed all relationships that are reported as the absolute changes in regional fat mass, and results were similar.
Statistics. Values are means Ϯ SD, unless stated otherwise. Data were analyzed using SAS version 8.02 and SAS Enterprise Guide version 4.1. P Ͻ 0.05 was taken as significant. t-Tests with unequal variances were used to compare variables between men and women, where appropriate, since body fat distribution often tracks by sex. Because differences between upper and lower body subcutaneous (UBSQ and LBSQ, respectively) adipose tissue were expected, within-subject comparisons (i.e., UBSQ vs. LBSQ) were analyzed using a paired t-test. When testing for pre-vs. post-weight gain changes in plasma FFA (oleate) and chylomicron and nonchylomicron TG concentrations over the 24-h interval, we used a paired t-test with P Ͻ 0.01 considered significant to partially account for multiple testing issues.
RESULTS
The anthropometric characteristics and body composition of the subjects are reported elsewhere (29, 32) . Briefly, men were heavier and had more visceral fat and a higher body mass index. Women had greater percent body fat and greater absolute amounts of UBSQ and LBSQ fat. Women and men had significant increases in these three fat depots from visit 1 to visit 2 (P Յ 0.05). The increases in visceral, UBSQ, and LBSQ fat were 0.4 Ϯ 0.3, 1.9 Ϯ 1.0, and 1.6 Ϯ 0.8 kg, respectively. For the entire group of men and women, fasting plasma insulin concentrations on day 1 of visits 1 and 2 averaged 4.4 Ϯ 1.8 and 5.6 Ϯ 2.9 U/ml (P ϭ 0.06).
Energy expenditure and substrate utilization were assessed by indirect calorimetry during the morning and afternoon of day 1 of the inpatient study visits. The results are provided in Table 1 . Fasting RQ did not differ between men and women at either visit. Fasting RQ increased to a similar extent from visit 1 to visit 2, but the increase was statistically significant only in men (P Ͻ 0.005). Energy expenditure, estimated over 10 h, was significantly greater in men than women at both visits (P Ͻ 0.0001) and increased significantly from visit 1 to visit 2 only in men (P Ͻ 0.05). The 10-h oxidation of carbohydrate, fat, and protein, in grams or as a percentage of the 10-h energy expenditure, did not differ significantly by sex during visit 1. During visit 2, however, whole body carbohydrate and fat oxidation was greater in men than women (P Ͻ 0.05). In women, there was a significant alteration in whole body substrate oxidation from visit 1 to visit 2, with an increase in carbohydrate oxidation and a concomitant decrease in fat oxidation (P Ͻ 0.05). In men, carbohydrate oxidation increased from visit 1 to visit 2 (P Ͻ 0.05), but the change in fat oxidation did not reach statistical significance (P ϭ 0.08).
Plasma concentrations of chylomicron and nonchylomicron TG throughout the visit 1 and 2 study days are depicted in Fig. 2 . For the combined group of men and women, both TG fractions were significantly (P Ͻ 0.01) greater at several time points during visit 2 than visit 1. Study day plasma oleate concentrations, a reflection of adipose tissue lipolysis, are depicted in Fig. 3 . At no time were plasma oleate concentrations significantly different between the pre-and post-weight gain study days.
Fasting femoral adipose tissue LPL activity (mmol FFA released·h Ϫ1 ·g lipid Ϫ1 ) was significantly greater in women than men ( Table 2 ) at both visits, whereas fasting abdominal subcutaneous adipose tissue LPL activity was not different. In women, femoral LPL activity was significantly greater than abdominal LPL activity (P Յ 0.05), but this was not the case in men. There was no significant change in regional, fasting LPL activity in women after overfeeding. In men, overfeeding induced a significant increase in fasting femoral (P Ͻ 0.05), but not abdominal, LPL activity.
Meal fat storage (mg meal fat/g adipose tissue lipid) is shown in Table 2 . Assessed in this manner, the regional (UBSQ and LBSQ) meal fat storage did not differ between men and women at either visit. Women had a significantly greater total meal fatty acid storage in UBSQ than LBSQ fat at both study visits (P Յ 0.05), similar to men (P Յ 0.001). Meal fat storage (mg meal fat/g adipose tissue lipid) remained similar in both adipose depots at visit 2 in women, but storage into LBSQ adipose tissue increased significantly (P Ͻ 0.05) in men.
Fractional meal fat storage in the UBSQ fat (Fig. 4A ) and LBSQ fat (Fig. 4B) at visit 1 did not predict the change in regional body fat (as percentage of total fat mass change) in response to overfeeding in either sex. Similarly, neither meal fat storage in subcutaneous fat nor meal fatty acid oxidation at baseline predicted visceral fat gain (data not shown). Because some of the data were not normally distributed, we also analyzed these relationships using logarithmically transformed values; there remained no significant associations using this approach.
Similar to previous findings (18), we found no relationship between fasting LPL and regional meal fat storage at 24 h (data not shown). The following relationships were tested and found to be insignificant; thus the data are not shown: 1) there was no relationship between fasting regional LPL at the start of the study and change in regional fat mass stores as a percentage of total fat mass change; and 2) changes in meal fat storage from before to after weight gain were unrelated to regional fat gain.
DISCUSSION
We hypothesized that regional meal fat storage over the short term (24 h) would predict regional fat gain during the deposition of ϳ3 kg of fat in response to 2-3 mo of overeating. Our data suggest that we can reject this hypothesis. Although we found a slight, nonsignificant, increase in overall meal fat storage from visit 1 to visit 2, this is likely a result of the increase in fat mass, not vice versa. Additionally, we found that neither baseline, fasting LPL activity nor the change in fasting LPL activity with overfeeding predicted regional fat gain over time. We admit that fasting LPL activity generally is not a good predictor of short-term meal fat storage (33, 34) . However, we wished to understand whether baseline LPL and/or the changes in regional LPL activity might be an indicator of adipose tendencies to respond to excess fat intake with greater regional fat gain; postabsorptive LPL activity did not relate to regional fat gain with overfeeding.
The metabolic milieu of these nonobese subjects in response to fat gain deserves comment. Our subjects gained upper body fat via adipocyte hypertrophy and lower body fat by adipocyte hyperplasia (29) and developed mild insulin resistance with regard to glucose metabolism as measured by integrated daytime plasma insulin concentrations (32). We report that overfeeding/fat gain resulted in higher chylomicron TG concentrations in the context of the same dietary challenge (suggesting reduced clearance) and higher nonchylomicron TG concentrations. Plasma FFA (oleate) concentrations following fat gain were not greater than baseline (Fig. 3) , which, combined with the minor increases in insulin in these subjects, suggests that insulin resistance with regard to adipose tissue lipolysis did not develop. However, without a more specific assessment of adipose tissue lipolysis insulin sensitivity, we cannot exclude the possibility of a minor change in this parameter. In general, the adipose tissue adaptations to modest fat gain in nonobese adults are more complex than we anticipated.
Meal fat storage, as a percentage of total meal fat or in milligrams of meal fat per gram of adipose tissue, was greater in the UBSQ than the LBSQ fat in men and women. This is consistent with previous findings (25, 35) and indicates that, in the short term, meal fat is not bound by sex-specific adipose distribution. This is interesting also in light of the similar increase in UBSQ and LBSQ fat with weight gain in the men and women in our study. That is, men did not gain more than women in the UBSQ region, as might be expected. This suggests that some redistribution of fat from one fat depot to another, or to other adipose compartments in the body, is likely, even in the face of a positive energy balance.
Redistribution of meal fat over time has been previously shown in animals (2-4) and humans (18) , probably through a variety of routes. Ravikumar et al. (23) showed that a significant portion of dietary fat is taken up by the liver; some of this dietary fat is eventually exported in VLDL particles (9) and potentially stored in adipose tissue (19, 28) . Redistribution from rapidly to slowly turning over fatty acid adipose tissue depots may also be possible. Dietary fatty acid storage into visceral fat is very efficient in humans with small visceral fat depots (11) , which implies high rates of release in these individuals. The delivery of these fatty acids to the liver via the portal vein may create a second source of recent dietary fat for VLDL synthesis. Combined, these observations likely account for the findings of Marin et al. (18) , who also performed repeated adipose tissue biopsies and found that tracer accumulates slowly in subcutaneous adipose tissue (abdominal and femoral) over 1 mo. In addition, plasma FFA can be restored in body fat via a direct uptake pathway independent of VLDL (1, (12) (13) (14) 27 ) in a manner that may serve to redistribute fatty acids between depots in a sex-specific manner. An additional confounding factor is the unexpected appearance of new LBSQ adipocytes (29) during weight gain. By definition, we cannot know the fat storage tendencies of these as yet unformed adipocytes prior to the overfeeding intervention, which may also help explain why our baseline measures of meal fat storage were completely unable to predict regional fat gain.
We also observed that, in women, the change in LBSQ fat, as a percentage of total fat mass change, seems to be capped at ϳ40% of total fat mass (Fig. 4B) . This is somewhat surprising, because women tend to carry more of their body fat in the lower body stores. There are not many longer-term overfeeding studies in women with which to compare our data. Yet it begs the possibility that there is a limit to how much fat can be stored in the LBSQ. Perhaps this is a different value for all women, but perhaps, at some threshold level, women start to accumulate more fat, as a percentage of total, in the UBSQ.
It is of interest to note that expression of the data as milligrams of meal fat per gram of adipose tissue, or as a percentage of meal fat, was not a factor in the ability of regional meal fat tracer storage to predict regional weight gain. The lack of a relationship between short-term meal fat storage and regional fat gain, therefore, is quite robust. We recently showed that the microenvironment differs remarkably in regional fat depots (30) . In fact, it is possible that meal fat storage may only predict fat gain if the main mechanism of expansion is hypertrophy, given that we observed adipocyte hyperplasia in the LBSQ adipose tissue (29) .
There are several limitations to this study. Meal fat storage was determined only in subcutaneous adipose tissue, and it is possible that the storage in visceral fat may predict visceral fat gain. However, visceral fat accounts for only ϳ5% of meal fat storage (1) and, thus, is of lesser importance to overall dietary fatty acid trafficking than subcutaneous fat. We studied only nonobese adults, which begs the question of whether meal fat storage in obese adults might predict whether additional, excess regional fat gain is also independent of meal fat storage. Testing that hypothesis is likely to be even more challenging, however, given the even greater reluctance of already obese adults to participate in weight gain studies.
In conclusion, meal fat uptake over 24 h is not a predictor of regional body fat gain over ϳ8 wk in lean, healthy subjects. Similarly, regional fasting adipose tissue LPL did not predict regional body fat gain over the study period. In general, meal fat uptake appears to be greater in the UBSQ fat region in men and women. Therefore, it may be that other mechanisms that favor fat trafficking and redistribution, such as concurrent lipolysis and redistribution via VLDL and FFA, are potentially more likely to favor differences in upper body vs. lower body fat distribution.
